In this paper, we analyze the TEC data for April 2013 observed at Agra station, India (geogr. lat. 27.2° N, long. 78° E) to examine the effect of earthquake of magnitude M = 7.8 which occurred on 16 April 2013 at Pakistan-Iran border region. We process the TEC data using the ı statistical criterion to find out anomalous variation in TEC data. We also study the VLF propagation signal from NPM, Hawaii (21.42° N, 158° W), which is monitored at the same station (Agra station) in the light of this earthquake as well as solar flares. The nighttime fluctuation method is used to analyze the VLF data for the period of ±5 days from the day of earthquake (11-21 April 2013). The anomalous enhancements and depletions are found in TEC data on 1-9 days before the occurrence of event.
INTRODUCTION
Various techniques for possible earthquake prediction have been found and used, in which the one based on ionospheric measurements has found widespread attention and importance. Due to availability of global positioning satellites (GPS), numerous measurements of lower and upper ionosphere have been taken and very interesting results have been reported (Singh and Singh 2004 , Liu et al. 2006 , Le et al. 2011 , Maurya et al. 2013 , Pundhir et al. 2014 . For example, Liu et al. (2001) have carried out both the foF2 measurements using Chug-Li ground based ionosonde and GPS based total electron content (GPS-TEC) measurements corresponding to Chi-Chi earthquake (M = 7.7) in Taiwan and found 1-4 days of ionospheric precursors. Liu et al. (2004a) have examined the effect of 20 earthquakes (M 6.0) occurred in Taiwan area between 1999 to 2002 on the variation of TEC and found 1-5 day precursory period. Pulinets and Boyarchuk (2004) presented an excellent review on ionospheric precursors of earthquakes. Statistical studies for pre-earthquake ionospheric anomalies have been carried out by Liu et al. (2006 Liu et al. ( , 2009 . Recent studies based on consideration of large number of earthquakes over extended period of time and their influence on the variation of GPS-TEC have been carried out by Liu et al. (2009) and Akhoondzadeh et al. (2012) . Akhoonzadeh (2012) has studied the GPS-TEC variation associated with the powerful Tohoku earthquake of 11 March 2011, and reported convincing precursors on 1-3 days prior to occurrence of earthquake. More recently, Pundhir et al. (2014) have studied the effect of multiple earthquakes on GPS-TEC data and found the precursors on 1-9 days before the occurrence of main shock.
Lower ionosphere studies have also been done by Hayakawa et al. (2010a) who presented statistical study of nighttime VLF signal associated with the earthquake. They have found that a significant statistical correlation between VLF/LF propagation anomaly, including a decrease in nighttime average amplitude (trend) and an enhancement in nighttime fluctuation for EQs with larger magnitude (M 6). Further, Hayakawa et al. (2010b) have also shown the statistical results on long term data of 7 years. It is found that the propagation anomaly exceeding 2ı (standard deviation) criterion indicating the presence of ionospheric perturbation is significantly correlated with earthquakes with shallow depth (< 40 km). Ray et al. (2011) have found, by analyzing individual cases (with magnitudes > 5) as well as statistical analysis (of all the events with effective magnitudes greater than 3.5), that nighttime fluctuation of the signal amplitude has the highest probability to be beyond the 2ı level about three days prior to seismic events. Thus, the night time fluctuation could be considered as a precursor to enhanced seismic activities. Ono et al. (2012) show the results of VLF signal nighttime study of two huge earthquakes in Japan using the principle component analysis (PCA). They suggested that trend as the average nighttime amplitude is significantly decreased, with almost simultaneous significant enhancement in the nighttime fluctuation as the night-time integration of negative fluctuation from the average during the earthquakes. Recently, Hayakawa et al. (2013) have shown the nighttime analysis of multi VLF signals and discussed the effect of earthquakes and magnetic storms on VLF/LF anomaly. They have also compared the temporal properties of ionospheric perturbations for this EQ with those of a huge number of inland EQs and compared the corresponding spatial scale with the former result of the same oceanic 2004 Sumatra EQ with nearly the same magnitude.
In India, the studies of ionospheric precursors have also been done at Agra (Chauhan et al. 2012 , Pundhir et al. 2014 , Guwahati (Devi et al. 2012) , Kolkata (DasGupta et al. 2006) , Varanasi (Singh et al. 2012) , Delhi (Dabas et al. 2007) , Surat (Karia and Pathak 2011) , Allahabad (Maurya et al. 2013) .
A major devastating earthquake of magnitude M = 7.8 occurred at Pakistan-Iran border region on 16 April 2013 causing widespread loss of life and property not only in adjoining region of Iran-Pakistan but also in surrounding countries like Afghanistan, India, etc. In the present paper, we examine the effect of this earthquake on TEC data observed at Agra for April 2013 and show that the anomalous variation in the data occurred in the form of enhancements and depletions. We have also examined the VLF propagation signals from NPM, Hawaii, which have been observed at Agra station in the light of 16 April 2013 large earthquake of magnitude M = 7.8 and we use statistical techniques for the refining of our results.
EXPERIMENTAL SETUP

TEC setup
The experimental setup used for TEC measurements at Agra station is similar to that used by our group earlier (Singh et al. 2010) . The equipments which are related to experimental setup have been imported from Silicon Valley, USA, and consist of an L 1 /L 2 GPS antenna (Novatel's Model GPS 702), a GPS receiver (Novatel's Euro Pak 3-M), connecting cables and relevant software (novatel.com). The GPS receiver and antenna are placed in the Seismo-Electromagnetic and Space Research Laboratory (SESRL) in the Faculty of Engineering building at Bichpuri Campus of our college and round the clock observations are taken. Bichpuri is located in rural area about 12 km west of Agra city where local electrical and electromagnetic disturbances are extremely low.
VLF setup
Monitoring of phase and amplitude of VLF transmitter signals has also been in progress at Bichpuri campus of R.B.S. College, Agra, since 1 August 2002. Initially, we employed AbsPAL (Absolute Phase and Amplitude Logger) system (Dowden et al. 1994 ) but later replaced it by modified software based system (SoftPAL) on 1 April 2010. We monitor the phase and amplitude of three different signals of frequencies 19.8 kHz (NWC, Australia), 21.4 kHz (NPM, Hawaii), and 24 kHz (NAA, Cutler, Maine). The sampling rate used is 60 s.
METHOD OF DATA ANALYSIS
We use the well-developed statistical ı criterion to analyze the TEC data for April 2013 to find the anomalous variation in data (Chauhan et al. 2009 , Singh et al. 2010 . We calculate the mean and standard deviation corresponding to each of 15 day interval occurring before and after the earthquake because it is more useful with respect to others. Finally, we find the mean ± ı to calculate dTEC variation.
The NPM, Hawaii, USA (21.42° N, 158.154° W), VLF transmitter amplitude and phase were recorded by SoftPAL receiver installed at a quiet location Bichpuri, Agra, India (27.2° N, 78° E). In the present study, only amplitude signal of NPM transmitter has been used. We use only ± 5 days VLF data from the period of 11-21 April 2013 for our analysis because of the non-availability of accurate data at our center for other days. We use nighttime fluctuation (NF) method to investigate the seismo-ionospheric effect of this earthquake as used and well explained by earlier workers (Hayakawa et al. 2010b; , Kasahara et al. 2008 and it is most suitable to examine the seismic effect. We use the two hours local nighttime data of 14:00-16:00 UT and estimated the difference dA(t) for a particular day as dA(t) = (A(t) -<A(t)>), where A(t) is the VLF amplitude at time t on that particular day and <A(t)> is the average value at the same time for 11 days from 11-21 April 2013. We have estimated two parameters as defined by Kasahara et al. (2008) and Hayakawa et al. (2010b) 
using difference dA(t).
First is trend T difference of the VLF amplitude at time t and average of the VLF amplitude at same time t, and second is dispersion D, standard deviation SD of the nighttime amplitude difference dA(t) for each day. Figure 1 shows a map of Asia in which the epicenter of the earthquake (M = 7.8, shown by stars) occurred at Pakistan-Iran border region on 16 April 2013 and the observing station Agra, India (by solid circle) are shown. The earthquake data are taken from the United State Geological Survey (USGS) through website: www.earthquake.usgs.gov.in. Now, we study the diurnal variation in GPS-TEC observed at Agra for the period under consideration, as shown in Fig. 2a . The data show observed TEC in blue colour, and lower (mean -ı) and upper (mean + ı) bounds in green and red colours, respectively. The large solid star on 16 April indicates the occurrence day of large earthquake (M = 7.8). The enhancements and depletions beyond the mean ± ı are shown in Fig. 2b. Figures 2c and d show the variation of Dst index (Dst) and Ȉ Kp for the same period. These are magnetic storm indices for which the data are taken from the website of NASA: http://omniweb.gsfc.nasa.gov/form/dx1.html. The largest enhancement beyond the upper bound (mean + ı) occurred on 9 April, whereas relatively smaller enhancements occurred on 8-16 and 24-29 April. A significant depletion in data on 1 April may also be attributed to this earthquake. There are some minor enhancements and depletions in the data on other days of the month also but they are insignificant as compared to those mentioned above. Now, we need to explain the anomalous enhancements and depletions in the TEC data in the light of magnetic storm variation and the effect of this earthquake. The variations of Dst and Ȉ Kp show almost quiet magnetic con- ditions in April, except an isolated small magnetic storm on 24 April (Dst = -49 nT, Ȉ Kp = 37). Hence, it is possible that the electric fields due to these magnetic storms penetrated the low latitude ionosphere and gave rise to enhancements in TEC on 29 April. However, we need to examine the anomalous period which is not affected by magnetic storm in the light of earthquake. This earthquake may be attributed to be responsible for the anomalous variation of TEC on 9 April and those occurring between 6 April and the day of earthquake (16 April). The data show a precursory period of 1-9 days in which TEC anomalies have occurred.
RESULTS AND DISCUSSION
TEC
VLF amplitude perturbations
The comparison of the average amplitude of 11 days and the VLF amplitude from 11 to 16 April 2013 is shown in Fig. 3 . It can be clearly seen from the figure that the enhancements in the amplitude have been found on 11-14 April 2013, i.e., 2-5 days before the occurrence of earthquake. The enhancements in VLF amplitude were most likely due to additional ionization (basically increase in electron density). The depletions in amplitude have also been found from 15 to 16 April 2013, which may the effect of this earthquake. The decrease in amplitude of VLF signal is due to seismic effects (Hayakawa et al. 2010b) .
We have looked for four possible mechanisms for electron density enhancement in the D region and hence the enhancement in NPM VLF amplitude. These are as follows: (a) solar flares (Zigman et al. 2007) , (b) geomagnetic storm (Peter et al. 2006) , (c) lower ionospheric heating due to lightning discharges causing VLF events (Inan et al. 1996) , and (d) seismic origin due to 16 April 2013 earthquake. We checked and found some flares (C1.5 and C3.6 classes) on 16 April and 21 April of our period of consideration but the effect of these flares cannot be observed because we have used only nighttime VLF data. The solar flare data are taken from the website www.spaceweather.com. We have seen the enhancements and reductions in VLF amplitude on 11-14 and 15-16 April beyond the 11 days mean, respectively. The geomagnetic conditions during the period of observation (11-21 April 2013) were almost quiet; it can be seen in Figs. 2b and c and more details about the geomagnetic conditions, as discussed in Section 5. Thus, Fig. 3 . A plot of VLF amplitude from 11 to April 2013; dotted line shows the average of 11 days and dashed green line shows the amplitude variation on the day of earthquake (16 April 2013).
there was no significant geomagnetic activity to affect the lower ionosphere during period of the VLF data presented here. So we can say that VLF data was not affected by the geomagnetic storms during the period of observation and another reason of enhancement may be the E × B drift mechanism which can modify the lower ionosphere. It has been discussed in detail in Section 5. So we can conclude here that the perturbations in VLF amplitude, may be due to this large earthquake (M = 7.8). Figure 4 shows trend and dispersion of the VLF amplitude data. The horizontal lines in each panel show the standard deviation (ı). Here, we have used ı criterion. The trend and dispersion have been satisfied by this criterion. Generally, the VLF anomalies take place 5-7 days before the occurrence of earthquake (Hayakawa et al. 2010b ) but in our case the anomaly is 1-3 days before the earthquake. We have also compared our results with the previously reported results such as Hayakawa et al. (2010b) who studied 7 years long period of data and applied the nighttime fluctuation analysis and concluded that trend shows a significant decrease before the earthquake. The study of this earthquake (M = 7.8) at Pakistan-Iran border region shows similar results for trend. The VLF propagation anomalies in trend, dispersion and fluctuation have been explained in terms of acoustic gravity waves which is discussed in detail in Section 5.
Nighttime fluctuation method
The nighttime fluctuation analysis results indicated that acoustic gravity waves and static electric field are two possible mechanism which are associ- ated with this large earthquake (M = 7.8) because of its higher magnitude and lower depth. It may also affect the upper ionosphere as we have discussed in Section 5. The effect of large earthquakes has also been examined by other workers (Zhao et al. 2008 , Liu et al. 2009 , Sarkar and Gwal 2010 in a similar way.
DISCUSSION
The question is how these anomalous variations in data have been found at low latitudes. So we need to explain the exact reason of anomalous variation using the coupling mechanisms between the lithosphere, atmosphere, and ionosphere, involving atmospheric gravity waves, and the vertical electric fields generated during the earthquake preparation periods, as suggested by earlier workers (Hayakawa and Fujinawa 1994 , Hayakawa 1999 , Hayakawa and Molchanov 2002 , Pulinets 2004 , 2009 ). In the results of TEC presented above, we have emphasized the generation of positive anomalies (enhancements in TEC) in the light of large earthquake of 16 April 2013. This result is supported by earlier workers (Liu et al. 2004b , Dabas et al. 2007 , Devi et al. 2012 . However, recently some workers have shown the significance of negative and positive TEC anomalies also (Liu et al. 2009 , Pulinets 2012 .
Adopting the mechanism of lithosphere-ionosphere coupling, possible explanations have been presented by many workers in terms of E × B drift where the electric field (E) triggered by an earthquake preparatory process penetrates the ionosphere, in the presence of local magnetic field (B). More details of this mechanism can be found in the recent monograph (Pulinets and Davidenko 2014) . Pulinets (2004) suggested that radon emissions emanating from earthquake region ionize the near-earth atmosphere over the seismic zone and cause formation of quasi-neutral clusters at a first stage of seismo-ionospheric coupling. It is also found that the concentration of greenhouse gases is enhanced over the earthquake preparation zone (Khilyuk et al. 2002 , Inan et al. 2008 which effects in two important forms. Firstly, the creation of instabilities which are responsible to stimulate acoustic gravity waves generation and second the air motion destroys these ion clusters as a result of which the near ground layer of atmosphere becomes rich in ion within a short time. The charge separation process then leads to generation of anomalously strong vertical electric field ( § KVm -1 ) in comparison with the fair weather electric field ( § 100 Vm -1 ). Pulinets (2009) provides an explanation of the existence of a vertical atmospheric electric field and coupling between the ground and the ionosphere using the concept of Global Electric Circuit (GEC). In brief, GEC is the system of quasi-stationary electric current between ground and ionosphere driven by global thunderstorm activity and works in transmitting the information from the ground surface up to the ionosphere by changing its electric properties due to natural ionization and ion-induced nucleation changing the conductivity of atmosphere (Pulinets and Davidenko 2014) .
At low latitudes, such as that of Agra, equatorial ionospheric anomaly (EIA) controls the ionospheric phenomena strongly and it is possible that according to the mechanism suggested above, the upward electric field penetrates the ionosphere eastward and í in the presence of local magnetic field í causes an enhancement in GPS-TEC. The results of VLF propagation signal show the proof of lower ionospheric perturbations associated with this earthquake. We have explained the results of lower and upper ionosphere in the light of two mechanisms, E × B drift and acoustic gravity waves.
In this paper we have tried to correlate the upper and lower ionosphere using the valid mechanisms and supported results of earlier workers. The parallel study of lower and upper ionosphere may be very useful for examination of seismic effects and a powerful tool of earthquake monitoring and forecasting. We have discussed all the aspects which are related to anomalous variations of ionosphere.
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